Abstract A study was conducted to measure how the color in rubberwood boards developed under standard kiln drying schedule. Edge-matched rubberwood boards were dried at 20, 40, 60 and 80 % of the drying time to achieve the final moisture content of 12 ± 2 %. Discoloration increased with higher temperature and drying time, while lower relative humidity tended to minimize discoloration. It is recommended that lower drying temperature and relative humidity schedules are used to minimize discoloration of rubberwood during drying.
Introduction
Rubberwood (Hevea brasiliensis) is one of the most important wood raw materials in South East Asia, and almost 1.5 million m 3 of rubberwood sawn-timber is used annually in the value-added wood products manufacturing industry in the region. Its pale-yellowish color, good machining, gluing and finishing properties together with its environmental-friendly status has made it a successful wood raw material for value-added wood products manufacturing, particularly furniture (Ratnasingam and Scholz 2009) . Nevertheless, the discoloration of rubberwood after kiln drying impairs its aesthetic appeal, which in turn limits its application in high-value added product manufacturing. The discoloration of rubberwood, also known as kiln brown stain, makes it unappealing as it affects the color uniformity. Inevitably, it poses a challenge to high-value rubberwood product manufacturers as it affects their operational costs and product quality (Ratnasingam and Scholz 2009) .
Generally, discoloration of wood may be due to oxidative reaction, enzymatic process, hydrolytic reaction and extractives (Sandoval-Torres et al. 2010) . The distribution of low molecular-weight sugars across the board thickness and its reactions under the influence of temperature and humidity has been cited as the main cause of discoloration in pine wood (Kreber and Haslett 1997) , but reports on discoloration of rubberwood are sparse (Ratnasingam et al. 2014) .
Therefore the objective of this study was to investigate the effect of different drying schedules on the discoloration and to develop optimized drying schedules to produce light-colored rubberwood within acceptable drying time.
Materials and methods
Fresh rubberwood samples used in this experiment were obtained from a commercial rubberwood sawmill in Malaysia. The flat-sawn experimental boards were free from tension and were 25 9 100 9 1,000 mm 3 in dimensions. The specimens were edge-matched, treated with borax-acid anti sap-stain preservative, wrapped in plastic and stored at 5°C until subjected to drying.
Initially, one batch of the specimens was dried to a final moisture content of 10 ± 2 % under the standard industrial kiln drying schedule for rubberwood, as shown in Table 1 . The drying process was carried out in laboratory kiln dryers, where the air velocity was kept constant at 1.5 m/s throughout the drying process to reflect industrial kiln drying conditions (Ratnasingam et al. 2010) . The time taken to achieve the desired final moisture content was recorded. Each batch of experimental samples consisted of ten specimens.
The edge-matched specimens were then dried for 20, 40, 60 and 80 % of the total drying time under similar drying conditions to determine the development of the color profiles during drying. A 25 mm long sample was cut from each of the dried specimens and immediately cut into a 25 9 25 9 100 mm 3 block and then sliced from surface to center into ten approximately 2.5 mm thick slices to determine the color profile. A Minolta CM-2500d surface reflectance spectrophotometer was used to measure the color of each slice as described in Sandoval-Torres et al. (2010) . The color was represented using the CIELAB color space, where L is lightness, a is red-green share, and b is blue-yellow share.
A parallel experiment was conducted based on a modified kiln drying schedule as shown in Table 1 . Similar experimental protocols were repeated for this batch of samples for comparison purposes.
Discussion
It is apparent that the formation of kiln brown stain in rubberwood becomes obvious towards the end of the drying cycle. In fact, the overall lightness of the specimens decreases with increasing drying time. The results of the color development under the different drying periods are shown in Table 1 . To get an indication of the total color change throughout drying, the mean core lightness (slices 3-10) for the sample was subtracted from the mean surface lightness (slices 1-2) for the fully dried sample from the 100 % drying period. This was repeated for the values of a and b, and the quantity DE was then calculated from these values using Eq. (1) to give a measure of the total change in color.
In general, the results show that in the early stages of drying only the surface (2.5 mm thick) is darkened, but the color difference from the core is\10 %. In the early stages of drying, liquid moves to and evaporates near the surface, but due to the fast drying rate the wood temperature would be low and the elapsed time is short, and hence the discoloration is not significant. In the later stages of drying when temperatures are higher, the color changes are more pronounced as reported previously by Kreber and Haslett (1997) . The results clearly show that the development of discoloration appears to be quite rapid at high temperatures but becomes slower and more erratic at lower temperatures. This variability in discoloration indicates that the properties of rubberwood have a stronger influence on discoloration at lower temperatures than at high temperatures, when the temperature-dependent kinetics is much slower. During the drying process, liquid flow to the surface is inhibited by the pit aspirations during the sawing process (Ratnasingam and Scholz 2009) , which suggests that more liquid will evaporate beneath the upper-most layer which increases the discoloration precursors in this region. It has been suggested by Sandoval-Torres et al. (2010) , that the higher concentration of discoloration precursors, usually low molecular-weight sugars, would trigger the formation of kiln brown stain through a Maillard reaction.
The results of this study also reveal less darkening and stain formation on drying at low relative humidity. This can be explained by the influence of drying time. The lower relative humidity schedules dry faster and therefore the color has less time to develop. The temperature at the evaporative front is also lower due to the lower wet bulb temperature, which restricts darkening of the wood as suggested by Srinivas and Pandey (2012) .
Industrial implications
The results of this study have a far-reaching implication on the rubberwood kiln drying industry in Malaysia and the South East Asian region at large. It is clear that the discoloration of Rubberwood boards increases as the dry bulb temperature of the drying schedule increases, while color development decreases with lower relative humidity conditions. Based on a survey of 15 commercial rubberwood kiln drying facilities in Malaysia, it was found that lowering the wet bulb depression as well as the drying temperature towards the end of the drying cycle as per the modified drying schedule reduces discoloration significantly, however the drying period is prolonged (Table 1) . Nevertheless, the longer drying period for the modified kiln drying schedule results in average kiln drying costs of US$ 63 per m 3 compared to US$ 55 per m 3 using the standard kiln drying schedule. Therefore, when high quality, uniformly colored rubberwood boards are desired, the application of lower temperature and lower humidity is recommended during the kiln drying process but the incurred kiln drying cost will be higher.
